We used random mutagenesis to create 21 point mutations in a highly conserved region of the motor domain of Dictyostelium myosin and classified them into three distinct groups based on the ability to complement myosin null cell phenotypes: wild type, intermediate, and null. Biochemical analysis of the mutated myosins also revealed three classes of mutants that correlated well with the phenotypic classification. The mutated myosins that were not fully functional showed defects ranging from ATP nonhydrolyzers to myosins whose enzymatic and mechanical properties are uncoupled. Placement of the mutations onto the three-dimensional structure of myosin showed that the mutated region lay along the cleft that separates the active site from the actin-binding domain and that has been shown to move in response to changes at the active site. These results demonstrate that this region of myosin plays a key role in transduction of chemical energy to mechanical displacement.
INTRODUCTION
Cells undergo a wide variety of motile processes that are driven by molecular motors-enzymes that transduce the chemical energy of ATP hydrolysis into mechanical force and displacement. Three distinct groups of motors have been identified in eukaryotic cells: the actin-based myosin motors, the microtubule-based kinesin motor family, and dynein motor family. The last decade has witnessed an explosion in the identification of these proteins, and it is estimated that >50 molecular motors may be driving motile processes in a given cell. However, despite the ubiquity and utility of these enzymes, the molecular mechanism by which motor proteins convert chemical to mechanical energy is not fully understood.
The most extensively studied of the motor proteins is the myosin that drives muscle contraction, known as conventional myosin or myosin II. This protein has also been demonstrated in virtually all eukaryotic nonmuscle cells in which it is essential for processes such as cytokinesis (for review, see Spudich, 1989) . It is known that the amino-terminal globular-head por- (Rayment et al., 1993b) and the docking of this structure, along with the actin structure of Kabsch et al. (1990) and Holmes et al. (1990) to electron micrographs of the rigor complex (Rayment et al., 1993a; Schroeder et al., 1993) , has provided needed structural information and offered insights into the nature of the actinmyosin interaction.
Structural analysis reveals S1 to be highly asymmetric, consisting of a globular catalytic domain that contains the actin-and ATP-binding sites and a neck domain made of the carboxy-terminal portion of the heavy chain and two calmodulin-like light chains (Figure 1, top stereo pair) . Within the catalytic domain, the actin-and ATP-binding sites are on opposite sides of the molecule (Rayment et al., 1993a,b) . These sites had previously been shown to be remote from each other (Botts et al., 1989; Sutoh et al., 1989) . Because the kinetic data indicate that the binding affinity of S1 for actin changes upon binding of ATP and that product release from the active site is activated by binding of actin to S1, a question central to the understanding of chemomechanical transduction concerns the communication of these spatially distinct regions. Rayment et al. (1993a) hypothesized that this communication may be effected through changes in the narrow cleft that subdivides the central 50-kDa domain of the myosin head into upper and lower portions (the so-called 50-kDa cleft) (Figure 1 , top). (The S1 head has been organized traditionally into three subdomains based on proteolytic studies that have revealed an NH2-terminal 25-kDa region, a central 50-kDa segment, and a 20-kDa COOH-terminal segment.) This hypothesis is based on the following observations. The structure as solved has neither nucleotide nor actin bound to it and therefore may be captured in a structural state that is intermediate between these two configurations. The docking of the S1 and actin structures suggested that a better fit to the electron microscope (EM) image reconstructions would be obtained if this cleft were closed in the actin-bound state. Furthermore, potential actin-Si interface contact sites are located on both sides of this cleft. In addition, analysis of the active site suggests that the binding site for the y-phosphate would be located near or at the apex of the 50-kDa cleft (Rayment et al., 1993b ). Hence, it is possible that changes at one site may be transmitted through this central cleft to the other site and vice versa, providing a pathway for the transduction of this information. More support for the central role of this cleft comes from the recent solution of the crystal structures of the Dictyostelium motor domain in the presence of either beryllium or aluminum metallofluoride magnesium-ADP complexes (Fisher et al., 1995) . The beryllium fluoride complex is thought to mimic the ATP-bound / prehydrolysis state, whereas the aluminum fluoride complex seems to be closer to the ADP-Pi or posthydrolysis state. The structure of the complex with beryllium fluoride is essentially identical to the chicken structure, whereas the complex with aluminum fluoride exhibits significant domain movements, most notably of the lower portion of the Knecht and Loomis, 1987; Manstein et al., 1989) , and the ability of a mutated myosin to complement these defects allows a quick in vivo screen of the functionality of a given mutant protein (Egelhoff et al., 1991 (Egelhoff et al., , 1993 Kubalek et al., 1992; Uyeda and Spudich, 1993; Ruppel et al., 1994; Uyeda et al., 1994 (Sambrook et al., 1989) . A template for mutagenesis was created by first engineering into the Dictyostelium mhcA gene unique restriction sites that flanked the region to be mutagenized. Briefly, the unique XbaI site in the polylinker of pMyDAP (Egelhoff et al., 1990) (Rayment et al., 1993b) . The actin-binding face, as defined by modeling of the chicken S1 and actin Kabsch et al., 1990) (Kunkel et al., 1987) . Site-directed mutagenesis was performed as described (Kunkel et al., 1987) 
Manipulation of Dictyostelium Cells
Dictyostelium cells were grown in HL5 medium, and development on 2-(N-morpholino)ethanesulfonic acid (MES) agar plates and bacterial lawns was performed as described previously .
Transformations were performed essentially as described previously (Egelhoff et al., 1991) . The mhcA null cell line HS1 was transformed with 10 ,Ag of each of the pBIGMyD-X/X plasmids bearing the different point mutations or a wild-type control, pBIGMyD. Cell lines that were able to grow in HL-5 supplemented with penicillin, streptomycin, and 8.5 ,ug/ml G-418 were isolated and subjected to further analysis.
Electrophoretic Methods
SDS-polyacrylamide gel electrophoresis and Western blot analysis of protein samples were performed with standard conditions as described previously . Whole-cell lysates of Dictyostelium cells were prepared as described previously (De Lozanne and Spudich, 1987) . Filters were probed with the monoclonal anti-Dictyostelium myosin antibody My6 (Peltz et al., 1985) and developed with a horse-radish peroxidase-coupled secondary antibody (Bio-Rad Laboratories, Richmond, CA) and an enhanced chemiluminescence detection system (Amersham, Arlington Heights, IL).
Urea-SDS-glycerol polyacrylamide gel electrophoresis was performed by modification of the method of Perrie et al. (1973) , as described by Ruppel et al. (1994) .
Protein Purification
Purification of full-length wild-type and mutated myosins was performed with the method of Ruppel, Uyeda, and Spudich . Briefly, this protocol consists of cell lysis in an EDTAcontaining low-salt buffer, extraction of myosin from the insoluble fraction with a MgATP-containing high-salt buffer, and two rounds of salt-dependent assembly-disassembly of myosin filaments. The purified proteins were treated with Dictyostelium myosin light chain kinase, as described .
Rabbit skeletal muscle actin and myosin were purified by the methods of Spudich and Watt (1971) and Margossian and Lowey (1982) , respectively. The concentrations of these proteins were determined spectrophotometrically by using extinction coefficients of 0.62 cm2/mg at 290 nm for actin (Spudich and Watt, 1971) and 0.53 cm2/mg at 280 nm for myosin (Margossian and Lowey, 1982) .
Concentrations of the purified Dictyostelium myosins were determined by the method of Bradford (1976) with the use of rabbit skeletal muscle myosin as the standard.
Actin Cosedimentation Assays
Purified wild-type and mutant myosins at concentrations of 0.1 mg/ml were incubated with rabbit skeletal actin (0.2 mg/ml) in a buffer consisting of 10 mM HEPES pH 7.4, 200 mM KCl, 1 mM dithiothreitol (DTT), and 5 mM EDTA on ice for 15 min and then centrifugated at 75,000 rpm for 10 min in a Beckman TLA 100.1 rotor. The supernatant was removed and the pellet resuspended in 10 mM HEPES pH 7.4, 200 mM KCl, 4 mM MgCl2, 2 mM ATP, and 1 mM DTT. The suspension was then clarified by centrifugation at 75,000 rpm for 10 min in a Beckman TLA100.1 rotor. Again the supernatant was removed and the pellet resuspended in SDS-gel sample buffer. Equal proportions of each supernatant and pellet fraction were then subjected to SDS-polyacrylamide gel electrophoresis.
ATPase Assays
The actin-activated ATPase activities of wild-type and mutated myosin were determined by measuring release of labeled Pi using [y-32P]ATP by the protocol of Clarke and Spudich (1974) , as modified by . Standard reaction mixtures for measuring actin-activated myosin ATPase activities contained 25 mM imidazole pH 7.4, 25 mM KCl, 4 mM MgCl2, 1 mM DTT, 3 mM ATP, 0.1 mg/ml myosin, and 1 mg/ml actin. Reaction mixtures for determining low-salt MgATPase were as above, except that no actin was added. Reaction mixtures for high-salt Ca2' and K+-EDTA ATPase activities contained 0.6 M KCl, 25 mM imidazole pH 7.4, 3 mM ATP, 1 mM DTT, and either 5 mM CaCl2 or 5 mM EDTA, respectively.
In Vitro Movement Assays
It has been shown that the presence of a small fraction of denatured myosin can be deleterious for in vitro movement assays (Warshaw et al., 1990) . Therefore, immediately before the motility assay, the solution of purified and phosphorylated myosin in 10 mM HEPES pH 7.4, 250 mM NaCl, 3 mM MgCl2, 2 mM ATP, and 1 mM DTT was mixed with 0.1 mg/ml of filamentous rabbit skeletal muscle actin and sedimented at 55,000 rpm for 5 min in a Beckman TLA 100.1 rotor. This procedure removed denatured myosin that bound tightly to actin filaments in the presence of MgATP.
In vitro analysis of the movement of fluorescently labeled actin filaments over nitrocellulose surfaces coated with myosin was performed as described by Uyeda et al. (1990) .
ATP Cross-linking Assays
Radiolabeled ATP was cross-linked to purified myosin by using a direct UV irradiation cross-linking protocol first adapted for use with myosin by Maruta and Korn (1981 HAWP 02500 filters wetted with ice-cold 10% trichloroacetic acid (TCA), washing the filters under vacuum with 10 ml of ice-cold 10% TCA followed by 10 ml of ice-cold absolute ethanol, and counting the filters dissolved in 10 ml of Ready Safe scintillation fluid (Beckman Instruments, Fullerton, CA).
RESULTS

Mutagenesis and Expression of Wild-Type and Mutant mhcA Genes
To analyze the function of the highly conserved region of the 50-kDa domain of Dictyostelium myosin, we created a bank of random point mutations that blankets the region spanning residues 454-486 (corresponds to residues 463-495 of chicken muscle myosin). This was accomplished by synthesizing two slightly overlapping oligonucleotides corresponding to the region of interest for oligo-directed mutagenesis. The nucleotide precursors used to synthesize the oligos were contaminated with small, defined amounts of the other three nucleotide precursors such that the resultant pools of oligonucleotides contained mutations at random positions throughout the region of interest, and these pools of oligos were used to perform site-directed mutagenesis. Twenty-one independent mutant mhcA genes (excluding silent changes, stop codons, or deletions) were recovered from a screen of -70 isolates. Of those 21 mutant genes, 15 contained single amino acid substitutions, 4 contained double amino acid substitutions, and the remaining 2 contained triple amino acid substitutions. Each mutated mhcA gene was cloned into the expression plasmid pBIG, which contains a G418-resistant selectable marker and a Dictyostelium sequence that confers the ability to replicate extrachromosomally Table 1 shows the classification of the point mutations by phenotype. In a random mutagenesis scheme, the effect of any given point mutation depends on two factors: the degree of amino acid sequence conservation at the mutated position and the nature of the amino acid change that is introduced. Therefore, for each of the 21 mutants, we analyzed both of these factors. The extent of sequence conservation for each residue was estimated by comparing the sequences of 32 myosin heavy chains by using a progressive (similarity) alignment (Sellers and Goodson, 1995) . This group of myosins included 20 myosin II's from skeletal, smooth, and cardiac muscle as well as nonmuscle myosins and 12 myosin I's from a variety of subfamilies. Percentage conservation at a given position was calculated on the basis of the number of sequences that had the same residue as the Dictyostelium sequence at that position. The other residues found at that same position in the other myosins analyzed are also listed. Figure 3 shows a comparison of a subset of the analyzed sequences as well as the placement of each of the mutations, categorized by phenotypic class. The severity of the introduced change was estimated with the PAM250 scoring matrix, an amino acid replacement matrix developed by Dayhoff (1978) .
The wild-type class of mutants fully complemented the ability of the myosin null cells to undergo normal fruiting body formation ( Figure 2A ) and grew in suspension culture with doubling times similar to that of the wild-type JH10 cell line or HS1 cells transformed with wild-type myosin. Seven single amino acid substitutions fell into this category ( Figure 3 and Table 1) , and each of these mutations was either a favorable (PAM250 > 1) substitution of a highly conserved residue (e.g., F461Y) or a less favorable substitution of a relatively nonconserved residue (e.g., S456L).
A second class of mutants behaved phenotypically as myosin null cells-members of this class were incapable of growth in suspension and arrested at the mound stage of Dictyostelium development ( Figure  2C )-although they expressed myosin at levels comparable to wild-type controls (our unpublished observations). This category included three single amino acid substitutions that represent neutral to less favorable mutations of highly conserved residues (PAM250 . 1), as well as all of the double and triple amino acid substitutions ( Figure 3 and Table 1 ). This phenotypic class also included a mutated mhcA gene in which a 10-amino-acid portion of the 50-kDa region (amino acids 504-513) had been deleted (MHCz\504-513). at relatively highly conserved positions ( Figure 3 and Table 1 ).
In Vitro Analysis of Mutated Myosins Cells expressing representative mutant myosins from each phenotypic class were grown, and the mutated myosins were individually purified from these cells with a protocol for purification of Dictyostelium myosin that depends largely on the filament-forming properties of the tail; thus this protocol should have been (Sellers and Goodson, 1995) . Included in the alignment were 20 myosin II's, and 12 myosin I's, including the Drosophila ninaC myosin. c Listed are the other amino acid residues present at that position in the 32 myosins included in the alignment, followed by the number of times represented.
less affected by changes to the motor domain of myosin . Several mutants in each class were purified to homogeneity for subsequent analysis of kinetic and motile properties (representative purification gel shown in Figure 4A ). Because these properties are affected by the extent of regulatory light chain phosphorylation of Dictyostelium myosin (Griffith et al., 1987; Ruppel et al., 1994) , each myosin was then treated with Dictyostelium myosin light chain kinase, and the extent of regulatory light chain (RLC) phosphorylation was assayed by urea-SDS-glycerol PAGE . (In every case, RLC phosphorylation was .90%; see Figure 4B .) This ensured that comparisons between mutants and between different preparations of the same mutant were meaningful. Routine analysis included assays for the ability to interact with actin in an ATP-dependent manner, solution ATPase activities-both low-salt MgATPase activity in the presence and absence of actin and highsalt ATPase activities-and our in vitro movement assay. Three of the single amino acid substitution mutants from the wild-type class, Y473H, Y473S, and F481V, were purified and analyzed (Table 2 ). All three exhibited normal to slightly elevated low-salt MgATPase activities; the actin-activated ATPase activities were all -30-50% of wild-type myosin values ( Table 2) . Velocities of actin filament translocation in an in vitro movement assay were also somewhat variable among myosins in this class, and all were slightly slower than wild-type myosin velocities ( Table 2) .
Three of the single amino acid substitution mutants from the intermediate class, S465V, T474P, and E476Q, were also purified and analyzed ( 3 4 5 6 7 8 the a-labeled ATP, whereas the mutant myosins retained the a-and y-labeled ATP with similar efficiency (Figure 6 ). This suggests that the wild-type myosin was capable of hydrolyzing the bound nucleotide efficiently, resulting in the loss of the y-label under denaturing conditions, whereas the mutants were unable to hydrolyze the bound nucleotide, resulting in equal retention of both the a-and y-labels.
DISCUSSION
A major focus of research in the field of motor proteins concerns the molecular nature of the transduction of chemical energy into mechanical work. In the case of the actin-based motor myosin, this transduction event has been localized to the interaction between the globular head domain of myosin (Si) and the actin filament (Toyoshima et al., 1987; Kishino and Yanagida, 1988) . Models of muscle contraction have hypothesized that ATP-dependent movement and force production occur as a consequence of conformational changes within Si while it is bound to the actin filament (Huxley, 1969; Huxley and Kress, 1985 Table 2 . ATPase activities and sliding velocities of the myosin mutants Figure 5 . Cosedimentation of purified wild-type and mutant Dictyostelium myosins with actin in the presence and absence of ATP. Purified wild-type Dictyostelium myosin (WT), as well as three mutated myosins belonging to the null phenotypic class (E459V, N464K, and E476K; see text for details), was incubated with rabbit skeletal actin in the absence of ATP and then centrifugated as described in MATERIALS AND METHODS. The resultant pellet was resuspended in a MgATP-containing buffer and again centrifugated as described. Aliquots of supernatants (s) and pellets (p) from each centrifugation were then subjected to SDS-polyacrylamide gel electrophoresis.
response to binding of actin and nucleotide and the coupling of these changes to "priming" of the putative lever arm. Structural studies have implicated the long narrow cleft that splits the central 50-kDa domain both in communication between the spatially distinct ATPand actin-binding sites and in transmitting changes to the lever arm (Rayment et al., 1993a,b; Fisher et al., 1995) . The apex of this cleft is located at the base of the nucleotide-binding pocket, and it extends out toward the actin-binding face of the molecule, where potential actin interaction surfaces are found on both sides of the cleft. The cleft is thought to be in the open conformation in the chicken S1 structure (Rayment et al., 1993a,b) and in the Dictyostelium motor domain-beryllium fluoride complex (Fisher et al., 1995) , whereas in the ADP-aluminum fluoride-bound Dictyostelium structure, which is thought to mimic the transition state of ATP hydrolysis, this cleft is partially closed. Docking studies of the crystal structure suggest that the best fit of the chicken S1 structure to the rigor complex would involve complete closure of this cleft. Combining these observations, the following model has been proposed (Fisher et al., 1995) (Maruta and Korn, 1981) .
sized to cause conformational changes in the adjacent reactive thiol region that ultimately result in "priming" of the lever arm. Rebinding of actin in the tightly bound state induces complete closure of the cleft and displacement of Pi from the base of the nucleotide cleft. This cleft closure is proposed to cause further changes in the carboxy-terminal portion of the molecule, resulting in a conformational change in the lever arm that gives rise to the power stroke and returns the complex to the rigor state. Analysis of this 50-kDa cleft reveals that it is lined with a high proportion of evolutionarily conserved residues. Before solution of crystal structures of the myosin motor domain, we targeted for mutagenesis regions of the head that exhibited high degrees of sequence conservation whose function was unknown, including a region of the central 50-kDa domain that turns out to form the apex and lower border of this important cleft (Figure 1) Figure 1 , bottom stereo pair) that is one of two residues around which main chain conformational angle changes occur.The changes result in the partial closure of the cleft seen in the Dictyostelium motor domain-ADP-aluminum fluoride structure. It is possible that the conservative isoleucine to valine change does not affect the ability of this loop to undergo this conformational change. However, as was discussed above, the wildtype phenotype in vivo does not preclude a minor defect in motor activity in vitro.
In contrast to the wild-type-like group, the null class contained myosins with unfavorable singlepoint mutations in highly conserved residues, as well as all the double-and triple-point mutations recovered in the screen. All of these proteins were expressed in the cells at levels comparable to wild type and were stable to purification; hence, the phenotypic defect was due to loss of motor function of the myosin and not due to loss of the myosin itself. Purification of several of these myosins revealed that they exhibited a defect in hydrolysis of ATP. These myosins bind actin in the absence of nucleotide and dissociate from actin upon addition of ATP; however, these myosins exhibited no detectable ATPase activity and were incapable of supporting movement of actin filaments in sliding filament assays. (The lower limit of reliable detectability for these assays is -0.5-1.0 nmol Pi/min/mg, which represents a 200-to 400-fold drop from wildtype actin-activated ATPase activity and a 600-to 1200-fold drop in high-salt Ca-ATPase activity.) These observations suggested that these mutations caused the myosins to arrest or at least severely slow down at a point in the actomyosin-ATPase cycle after binding of ATP but before release of products. (Solution ATPase assays quantitate release of free Pi.) The two most likely possibilities are either that they failed to hydrolyze ATP (or that the back reaction was greatly favored) or that they hydrolyzed ATP and were unable to release the products. ATP cross-linking studies confirmed that the defect was in hydrolysis (Figure 6 ). This defect before hydrolysis prevents high-affinity rebinding of actin in the prestroke state. Thus, these myosins are unable to interact productively with actin to produce force, resulting in no detectable ATPase activity, the inability to translocate actin filaments in vitro, and a myosin null phenotype in vivo. Kronert et al. (1994) discovered that a mutation in Drosophila indirect flight muscle that directly mimics the Glu476Lys change (position shown as chicken residue E485 in Figure 1 , bottom) that led to this nonhydrolyzer defect/null phenotype in Dictyostelium myosin resulted in a null phenotype in Drosophila as well. Flies homozygous for this mutation failed to accumulate appreciable amounts of myosin or form thick filaments in the indirect flight muscle despite normal levels of mRNA. However, as would be expected from the nature of the biochemical defect of the Dictyostelium protein, this mutant myosin did not poison assembly of wild-type thick filaments in heterozygotes.
Placement of these mutations on the Si structure (Figure 1 , bottom) reveals that they are distributed throughout the mutagenized area of the lower cleft. Thus it seems unlikely that all of these residues play a direct role in ATP hydrolysis. However, it is possible that these mutations inhibit or alter conformational changes within the cleft that are necessary for hydrolysis to take place. In particular, the partial closure of the cleft seen in the Dictyostelium-ADP-aluminum fluoride structure may represent changes occurring during hydrolysis, because this structure is thought to mimic the transition state of hydrolysis (Fisher et al., 1995) . This closure could be inhibited by creation of mutations (e.g., E459V, C470G, N475K-corresponding to chicken residues E468, C479, N484 in Figure 1 ) in the region that may interact with complementary residues on the upper border of the cleft or residues that otherwise alter the conformation of the loop and helix that form the apex and lower border of the cleft. Interestingly, one of the myosin mutations recovered after random in vivo mutagenesis in Dictyostelium followed by selection for mutants that are cold-sensitive for myosin function changes a glutamic acid residue (E467K-chicken residue E485 in Figure 1 , bottom) that may interact with the positively charged side chain of a residue forming part of the upper border of the cleft (Patterson and Spudich, 1996) . The ability to use genetic screens to find intragenic suppressors of this mutation may potentially lead to identification of upper border residues that interact with this glutamic acid. The uniformity of biochemical defect despite a relatively broad spacing of these mutations supports the idea that conformational changes within this cleft region play an important role in hydrolysis of nucleotide and communication of this change at the active site to other regions of the myosin head. Current efforts include creation of Si forms of several of these ATP nonhydrolyzers to test affinity for ATP and to characterize this hydrolysis defect more closely.
The final phenotypic class recovered in the screen consisted of myosins whose expression (at wild-type levels) only partially rescued the defects of the myosin null cells. Purification of several of these myosins revealed that they had biochemical defects that were variable but tended to be intermediate between those exhibited by the wild-type-like class myosins and the null class myosins. These intermediate class myosins shared the overall biochemical feature that their in vitro velocities were disproportionally lower than their solution ATPase activities, suggesting that, in some way, these mutations had resulted in partial uncoupling of ATPase and movement. Perhaps the most interesting of these uncouplers was the S465V (chicken residue S474 in Figure 1 , bottom) myosin, which had an elevated basal ATPase activity in the absence of actin and exhibited only -twofold activation of activity upon addition to actin. (Wild-type ATPase activity is typically activated > 10-fold by the addition of actin.) Despite an elevated ATPase activity, this myosin translocated actin filaments at only one-tenth the velocity of wild-type myosin. Placement of this residue on the structure reveals that it sits at the end of the long, lower border helix near the actinbinding face of the molecule. One intriguing possibility is that this change alters the conformation of this region of the cleft in such a way as to alter the communication between the ATP-and actin-binding sites so that the ATP-binding site "sees" a more actinbound configuration even in the absence of actin; as a result, product release rates, which are affected by actin binding, would be "activated" relative to wild type. This would account for the elevated basal ATPase rate of this mutant and the relatively low extent of actin activation. The inefficient coupling of product release to actin rebinding in the prestroke state may account for the low sliding velocity of this myosin in vitro and its inability to completely rescue the defects of the myosin null cell in vivo. An alternative explanation for the behavior is that this mutation somehow affects the interaction of myosin with actin such that it increases the affinity for actin in either the weakly or strongly bound state. This would also account for the elevated actin-activated ATPase activity and the slower velocity in vitro. However, it would not account for the higher basal ATPase activity. Furthermore, mixing experiments in which this myosin was placed on a surface with wild-type myosin gave rise to wild-type velocities of actin filaments, making it unlikely that these effects were due to increased affinity for actin.
The in vitro behaviors of the other members of the intermediate class are somewhat more difficult to interpret. They also exhibit very low sliding velocities relative to their solution ATPase activities. For example, the E476Q (chicken residue E485 in Figure 1 , bottom) change has an actin-activated ATPase activity that is approximately the same as that of one of the wild-type-like class mutants (Y473S). However, the Y473S mutant moves actin filaments at > 10 times the velocity of the E476Q myosin. Unlike the S465V myosin, the other myosins in this class do not exhibit an elevation of their basal ATPase activities. Further characterization of these mutations, including a full kinetic analysis, is needed to better understand the nature of these biochemical defects. It is interesting to note that three of the four mutations that fall into this class are located on the side of the lower cleft helix that faces toward the actin-binding face of the molecule (yellow spheres in Figure 1 , bottom stereo pair).
Overall, mutagenic analysis of this highly conserved region of the myosin motor domain supports the hypothesis derived from structural studies that this cleft plays a central role in the actomyosin-ATPase cycle. The behavior of the S465V (chicken residue S474 in Figure 1 , bottom) myosin is consistent with the idea that this cleft participates in communication between the ATP and actin-binding sites. The defect in ATP hydrolysis exhibited by several of the more severe mutations suggests that this cleft must be able to alter its conformation for hydrolysis to take place. Further analysis of these mutated myosins as well as mutagenesis of other residues that line this cleft will lead to greater insights into the roles of this region in chemomechanical transduction. More generally, this study has shown the benefits of the combined in vivo and in vitro analysis of mutated myosins that are possible with the use of Dictyostelium and the added power of this approach when combined with the ability to analyze mutations in the context of high-resolution structural information.
